Our study quantified the spatial and temporal distribution of Fe and ancillary biogeochemical parameters at six stations visited during an interdisciplinary Australian Antarctic marine science voyage (SIPEX-2) within the East Antarctic first-year pack ice zone during September-October 2012. Unlike previous studies in the area, the sea ice Chlorophyll a, Particulate Organic Carbon and Nitrogen (POC and PON) maxima did not occur at the ice/water interface because of the snow loading and dynamic processes under which the sea ice formed. Iron in sea ice ranged from 0.9 to 17.4 nM for the dissolved ( o0.2 mm) fraction and 0.04 to 990 nM for the particulate ( 40.2 mm) fraction. Our results highlight that the concentration of particulate Fe in sea ice was highest when approaching the continent. The high POC concentration and high particulate iron to aluminium ratio in sea ice samples demonstrate that 71% of the particulate Fe was biogenic in composition. Our estimated Fe flux from melting pack ice to East Antarctic surface waters over a 30 day melting period was 0.2 mmol/m 2 /d of DFe, 2.7 mmol/m 2 /d of biogenic PFe and 1.3 mmol/m 2 /d of lithogenic PFe. These estimates suggest that the fertilization potential of the particulate fraction of Fe may have been previously underestimated due to the assumption that it is primarily lithogenic in composition. Our new measurements and calculated fluxes indicate that a large fraction of the total Fe pool within sea ice may be bioavailable and therefore, effective in promoting primary productivity in the marginal ice zone.
Introduction
Marine phytoplankton fix aqueous carbon dioxide (CO 2 ) within the surface ocean through photosynthesis. This process increases the flux of CO 2 from the atmosphere into the ocean and therefore plays a key role in mitigating green house gas induced global warming (Sarmiento and Gruber, 2006) . When light levels are sufficient, phytoplankton growth is limited by the availability of micro-nutrients such as iron (Fe) in remote regions like the Southern Ocean, where external inputs of Fe are low (Martin and Fitzwater, 1988; de Baar et al., 1990) . Both laboratory and shortterm artificial Fe fertilization experiments unequivocally showed the importance of Fe in controlling phytoplankton production and therefore Fe was one of the factors controlling carbon export into the ocean interior (Boyd et al., 2007) . A drawback of artificial fertilization experiments is the difficulty of effectively quantifying carbon export into the ocean interior and estimates vary by 2 orders of magnitude Pollard et al., 2009) . Although variability in the estimates is high, the CROZEX study in the Southern Ocean showed that the efficiency of natural fertilization from the sub-Antarctic Crozet island was up to 20 times greater than that of an artificially Fe-enriched site (SERIES, Boyd et al., 2004) Pollard et al., 2009) .
Within Fe limited high nutrient-low chlorophyll waters, multiple naturally Fe-fertilized sites have been identified, including seasonal sea ice, which acts as a 'capacitor' to seasonally store Fe. Antarctic sea ice contains 1-2 orders of magnitude more Fe, organic matter, and chlorophyll a than under-ice seawater (Grotti et al., 2005; Lannuzel et al., 2007 Lannuzel et al., , 2008 van der Merwe et al., 2009 van der Merwe et al., , 2011a de Jong et al., 2013) and triggers ice-edge phytoplankton blooms during the release of these constituents in austral spring (Sedwick et al., 1997; Lancelot et al., 2009) . Given that seaice formation and retreat affects approximately 40% of the entire Southern Ocean area (Southern Ocean extent ¼35 Â 10 6 km 2 ;
Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/dsr2 maximum-minimum Antarctic sea ice extent ¼15.2 Â 10 6 km 2 ; Thomas and Dieckmann, 2003) , the "frozen ocean" may therefore constitute the dominant source of Fe to polar waters during annual melting, and therefore plays a key role in drawing down atmospheric CO 2 levels in the climatically-important Southern Ocean. There is an urgent need to evaluate how modern-day climate change will affect the Antarctic sea-ice ecosystem. A pre-requisite for this is to describe and understand present-day sea-ice biogeochemical processes. In this context, new field measurements and sample collection approaches for characterization of sea-ice ecosystem dynamics should be a priority.
The East Antarctic is an ideal location to study the role of sea ice as an ocean fertilizer during the melting season because three consecutive field studies have been specifically dedicated to Fe biogeochemistry in this sector: ARISE in pack ice in 2003 (Sept/Oct, 63.5-651S/109-1171E; Lannuzel et al., 2007) , SIPEX-1 in pack ice in 2007 (Sept/Oct, 64-65.51S/114-1281E; van der Merwe et al., 2009; 2011a) and a time series in fast ice in 2009 (Casey, Nov, 661S/1101E; van der Merwe et al., 2011b; Lannuzel et al., 2014) . The main outcomes from these studies were that (1) dissolved Fe concentrations vary seasonally rather than spatially , (2) particulate Fe vary spatially, with higher concentrations observed near the continent or when higher biomass is present (van der Merwe et al., 2011a) and (3) dissolved Fe is released before particulate Fe during spring melt (van der Merwe et al., 2011a) . Our previous work also suggested that during the melting season, dissolved Fe released from sea ice could account for 15 to 70% of the primary productivity in the East Antarctic sector, and that the additional Fe supplied in the form of particles may extend the longevity of the ice-edge bloom (Lannuzel et al., 2014) . Building on our knowledge of Fe sea-ice biogeochemistry in the area, the major goal of this new field study was 3-staged. First, we wanted to determine if the mode of ice growth (i.e. thermodynamic versus dynamic growth) controls the concentration of dissolved and particulate Fe. The particulate Fe concentration in sea ice was highly variable during three previous field studies in East Antarctica. Therefore, our 2nd aim was to evaluate whether the previously observed variability in pack ice particulate Fe concentration could be explained by its biogenic or lithogenic composition and furthermore, can this differentiation of particulate Fe determine its availability for sea-ice algae and phytoplankton when released into seawater? Finally, based on measured rates of primary productivity in sea ice and ancillary parameters, our last aim was to assess whether macronutrients, Fe or light controlled the local productivity at this time of year.
Material and methods

Collection and handling of samples
Samples were collected during the Australian-led Sea Ice Physics and Ecosystem eXperiment-2 (SIPEX-2) marine science voyage in austral winter/spring 2012 (26 Sept-10 Nov, 64-651S/116-1211E, Fig. 1 ). The acid-cleaning protocols for sample bottles and equipment followed the guidelines of GEOTRACES (www.geotraces.org). Contamination-free ice coring equipment developed by Lannuzel et al. (2006) was used to collect ice cores. Ice cores were triple bagged and stored at À 18 1C until further processing in the home laboratory. Ice cores were then sectioned under a class-100 laminar flow hood (AirClean 600 PCR workstation, AirClean System) using a medical grade stainless steel bonesaw (Richards Medical), thouroughly rinsed with ultra-high purity water (18.2 MΩ), and ice sections were then allowed to melt at ambient temperature in acid-cleaned 3 L Polyethylene (PE) containers. Melted sea-ice sections were then homogenized by a gentle shake and filtered through 0.2 mm pore size polycarbonate filters (Sterlitech, 47 mm diameter) using Teflons perfluoroalkoxy (PFA) filtration devices (Savillex, USA) connected to a vacuum pump set on o2 bar to obtain the particulate (40.2 μm) and dissolved (o0.2 μm) metal fractions. The collected filtrates (o0.2 μm) were acidified to pH 1.8 using Seastar Baseline s HCl (Choice Analytical) and stored at ambient temperature until analysis in the home laboratory. The filters retaining the particulate material were stored frozen in acidclean petri dishes until further processing.
Standard physico-chemical and biological parameters such as sea-ice and snow thicknesses, in situ ice temperature, sea-ice and brine salinities, ice texture, chlorophyll a (Chla), macro-nutrients (nitrate þnitrite (NO x ), phosphate (PO 4 3 À ), silicic acid (Si(OH) 4 À ) and ammonium (NH 4 þ )), dissolved organic carbon (DOC), and particulate organic carbon and nitrogen (POC and PON) were also determined in each sample, following the methods described in van der Merwe et al. (2009) . Theoretical brine volume fractions (V b /V) were calculated using in situ ice temperatures and bulk ice salinities and relationships from Cox and Weeks (1983) . The full ice core length was examined under crossed-polarized light to identify the texture (i.e. columnar vs. granular) according to the method of Langway (1958) . Preparation of the thin sections took place in a container kept at À 25 1C. The thin sections were obtained by cutting vertical sections of about 6 mm thick using a band saw. Ice sections were then thinned down using a microtome blade to reach a final thickness of 3-4 mm and observed under cross-polarized lights (Fig. 2) .
Analysis of dissolved iron
The acidified filtrates were diluted 5 times, using 2% v-v ultrapure HNO 3 (Seastar Baseline, Choice Analytical) and Fe concentrations were determined directly using sector field inductively coupled plasma magnetic sector mass spectrometry (SF-ICP-MS; Element 2) following the method described in Lannuzel et al. (2014) . Results for procedural blanks and limits of detection are presented in Table 1 .
Analysis of particulate iron and aluminium
Filters retaining particulate material ( 40.2 μm) were digested in a mixture of strong, ultrapure acids (750 mL 12 N HCl, 250 mL 40% HF, 250 mL 14 N HNO 3 ) in 15 mL Teflon s perfluoroalkoxy (PFA) (Savillex, USA) on a Teflon coated graphite digestion hot plate housed in a bench-top fume hood (all DigiPREP from SCP Science, France) coupled with HEPA s filters to ensure clean air input at 95 1C for 12 h, then dry evaporated for 4 h and re-suspended in 2% v-v HNO 3 (Seastar Baseline, Choice Analytical). The procedure was applied to filter blanks and certified reference materials BCR-414 and MESS-3 to verify the recovery of the acid digestion treatment. The concentrations of particulate metals were then determined by SF-ICP-MS . Results for procedural blanks, limits of detection and certified reference materials are presented in Tables 1 and 2 and were found fit for purpose. Although we obtained the concentrations of 18 elements in our sea-ice samples, we only dicuss Fe here, and used aluminium (Al) concentrations to fingerprint Fe sources. The other elements will be reported and discussed in a companion paper.
For statistical analysis, we used a Spearman's Rho correlation because the data was non-normally distributed (i.e. non-parametric), with Spearman's rho correlation coefficient R, the number of data points n, and the level of significance po 0.01 or p o0.05 (Table 3) .
Results
Sea-ice physical properties
Apart from station 2 which had a thin cover of 0.05 m of snow, the rest of the sites were covered with a very thick layer of snow, ranging from 0.25 m at station 3 to 0.74 m at station 6 ( Fig. 2 , average 0.39 m). The sea-ice cores collected on our sites ranged from 0.72 to 1.43 m in thickness (average 0.93 m). Texture-wise, station 3 was the only typical first-year pack-ice station, with 0.02 m of granular ice underlain by columnar ice. Station 4 also showed some first year sea-ice features, with 0.29 m of granular ice underlain by 0.61 m of columnar ice. Overall, granular ice however dominated the overall ice textures at 64% (Fig. 2) . The snow thickness represented on average 30% of the total ice thickness. Station 6 showed evidence of rafting processes with the superposition of granular ice on top of columnar ice in three consecutive layers. The mean in situ sea-ice temperatures increased from À 4.8 1C at station 3, to À3.0 1C at station 4 and up to À 1.8 1C at the remaining sites. The ice temperature profiles were nearly isothermal for stations 2, 6, 7 and 8 ( Fig. 3A) , probably because of the thick snow cover pushing the ice deep into the ocean and insulating it against the atmosphere. The mean air temperature increased from À 22.8 1C at station 3, to À10.7 1C at station 4 and up to À 2.9 1C at station 6 ( Fig. 3A) .
Sea-ice salinities ranged from 3.9 to 18.5, and the vertical profiles were highly heterogeneous overall. Salinities were generally higher in the surface layers. Station 3 had the only "C-shaped" salinity profile of the voyage (Fig. 3B) , which is typically observed in first year winter pack ice (van der Merwe et al., 2009).
The brine volume ratio
V¼volume of bulk sea ice) can be used as an indicator of sea ice permeability. Typically, in columnar ice, when V b /V o5% (for salinity of 5 and ice temperature of À 5 1C), the ice is considered impermeable (Golden et al., 1998) . Saenz and Arrigo (2012) have suggested that the permeability threshold of granular ice, formed by frazil ice accumulation or due to snow ice formation, may be higher than the permeability threshold of columnar ice, formed by congelation growth. This can be explained by a more random distribution of brine pockets and channels in granular sea ice. In our samples, granular ice dominated, and the mean brine volume ratio (V b /V) was 8.3% on average at station 3, 12.0% at station 4 and 14.5-19.6% at the warmer sites. Significant correlations (nonparametric, Spearman's rho¼0.56, n ¼ 35, p o0.01) were observed between brine volume and ice temperature. Therefore the increase in average brine volume appeared to be driven by an increase in average ice temperature, which is ultimately controlled by increasing ambient air temperatures (Fig. 3A) . Station 3 had intermediate ice sections below the critical V b /V of 5% for columnar ice, indicating the impermeable nature of these sections within the ice. All the other stations had V b /V 410%, suggesting sea-ice melting was already underway at the time of sampling (Fig. 3C ).
Sea-ice biogeochemistry
Macro-nutrients, Chla, DOC, POC and PON
Sea-ice concentration ranges of NO x , Si(OH) 4 À , PO 4 3 À and NH 4 þ were 0.1-8.2 μM, 1.7-26.6 μM, 0.1-1.9 μM and 0.1-14.3 μM, respectively ( Fig. 4A-D) . Macro-nutrient concentrations are also shown plotted versus sea-ice salinity ( Fig. 4E-H) . The theoretical dilution line (TDL) was plotted by using the salinity and macro-nutrients concentration in seawater collected at 1 m below the sea ice. Silicic acid behaved conservatively with salinity, although most of the data points were slightly above the TDL (Fig. 4F ). The relationship between Si(OH) 4 À and ice salinity was statistically significant (Table 3) , however, all other macro-nutrients deviated from their respective TDL. NO x concentrations were significantly reduced relative to the TDL (Fig. 4E) , indicating a drawdown of NO x in sea ice, sometimes until complete exhaustion (station 7). Conversely, PO 4 3 À deviated above and below the TDL while NH 4 þ concentrations were generally below the TDL ( Fig. 4G and H) , indicating accumulation of NH 4 þ .
The Chla concentration in sea ice ranged from o 0.02 μg/L at station 6 to 13.7 μg/L at station 7, with an overall average Chla concentration of 2.272.5 μg/L (Fig. 5A ). The highest Chla concentrations occurred in sea-ice interior layers, except for station 6 where Chla maximum was in the bottom ice layer.
Dissolved organic carbon in sea ice ranged from 0.15 and 2.66 mg/L (average 1.470.7 mg/L). Stations 4 and 7 respectively exhibited the lowest and highest DOC values. Similar to Chla, the DOC maxima did not occur at the ice/water interface (Fig. 5B) . Particulate organic carbon and PON concentrations in sea ice ranged, respectively, between 24 and 1088 mg/L (average 3327298 mg/L) and between 2 and 156 mg/L (average 42741 mg/L). Similar to Chla and DOC, the POC and PON maxima did not occur at the ice/water interface ( Fig. 5C and D) . In the top most and lower most sections of the ice cover, the POC:PON ratios were lower and close to the Redfield C:N molar ratio of 6.6 mol:mol typical of phytoplankton (Redfield, 1958) . These ice sections therefore harbor autotrophic activity.
Significant correlations were observed between POC and PON, and PO 4 3 À and Chla across all sites (Table 3) . Chlorophyll a also correlated significantly with PON, NH 4 þ and PO 4 3 À . (Table 3) .
Iron distributions
The fractional solubility of Fe (FS-Fe ¼ratio of dissolved to total Fe concentration) in sea ice varied between 0.01 and 0.98 (average FS-Fe ¼ 0.13 70.16).
Based on the data collected at 6 sections within each core, we vertically integrated the concentrations of DFe and PFe at each station (Table 4 ). We also applied this integration to POC and Chla concentrations. Depth integrated DFe was the highest at station 6 (16.9 μmol/m 2 ) and the lowest at station 3 (2.2 μmol/m 2 ). Depth integrated PFe was the highest at station 7 (294.3 μmol/m 2 ) and the lowest at station 3 (16 μmol/m 2 ). Station 7 also exhibited the highest depth integrated Chla (3.6 mg/m 2 ) and POC (660 mg/m 2 ) concentrations.
Discussion
Sea-ice physical properties
Based on the ice temperatures and brine volume ratios in Fig. 3 , three seasonal regimes during SIPEX-2 can be identified: station 3 was a cold winter station, station 4 a transition station, and the other four stations were warm spring type stations. The increase in the mean air temperature most likely triggered the warming of the ice, from the top, as exemplified for stations 3, 4, 6 and 7 (Fig. 3A) .
Although the mean air temperatures at stations 2 and 8 were low, the in situ ice temperatures were relatively warm. The thick snow cover at station 8 probably insulated the sea ice from the cold atmospheric conditions. The snow layer was however thin at station 2. This suggests that the air temperature decreased recently and did not have time to affect the ice temperatures before we collected the samples. Ice textures were dominated by granular ice, which highlights the presence of either snow ice or frazil ice crystals. Frazil ice forms under dynamic turbulent conditions at high growth rates, concentrating micro-organisms (living and detrital) by nucleation of frazil ice crystals or by scavenging cells as frazil crystals float up through the water column (Garrison et al., 1989; Horner, 1996) . Precipitation of snow and its redistribution through drifts are key features of the Antarctic pack ice zone (Sturm and Massom, 2010) . Snow layers accumulate on top of the ice cover soon after its formation. Depending on the sea-ice thickness below, the snow cover may become thick enough to depress the sea-ice cover and seawater may then infiltrate into the snow pack. "Snow ice" then forms by refreezing of the flooded snow and creates a solid layer of ice on top of the ice floe, which is of granular type (Worby et al., 1998) . Snow ice may then be underlain by frazil ice, which is also granular. Columnar ice forms slowly compared to granular ice (Eicken, 2003) , and tends to efficiently reject micro-organisms in the early stage of ice growth (Palmisano and Garrison, 1993; Weissenberger and Grossmann, 1998) . In our samples, no clear relationship between biological occurrence or Fe and ice textures was observed.
Ice texture observations suggest that the ice collected at stations 3 and 4 grew thermodynamically (i.e. due to a decrease in ambient temperature). Station 6 grew in thickness because of dynamic processes including rafting (where ice floes raft on top of each other) and ridging (blocks of ice are pushed onto, and below, the edge of ice floes). The repeated observation of deformed columnar ice crystals supports this rafting process. As a result, the ice core collected at station 6 which was subjected to rafting was thicker than at station 3 where the ice grew thermodynamically. The snow layer was thick throughout our study, leading to snow ice formation at several stations. Station 4 displayed 0.16 m of snow ice, underlain by 0.13 m of frazil ice, and then columnar ice. This is confirmed by the in situ ice temperatures and salinity for station 4 where the top 0.16 m of snow ice were warmer and saltier than the sea ice below (Fig. 3A and B ). Snow ice also likely formed at the snow-ice interface at stations 6, 7 and 8 (Fig. 2) . We did not measure δ 18 O at the trace metal sampling sites to decipher snow ice from frazil ice. δ 18 O was measured in sea ice by other research groups at the main sampling sites during SIPEX-2 and do highlight the recurrence of snow ice formation on their sites (Heil et al., 2016) . We consider the same feature applies to the entire ice floes studied, including the trace metal sampling sites.
Biogeochemical comparison to previous studies: DFe and DOC thresholds in sea ice
The 24-1088 mg/L POC concentrations from SIPEX-2 were lower than the 28-4784 mg/L measured during ARISE ) and 38-3309 mg/L during SIPEX-1 (van der Merwe et al., 2009) in the same sector, at the same time of the year. The POC: PON ratios were generally close to the Redfield ratio in bottom ice but elevated in the internal ice sections. This could be explained by the relative dominance of carbon associated with exopolysaccharides (EPS) over carbon associated with autotrophs in these ice layers (Ugalde, 2016) . Exopolysaccharides are commonly enriched in carbon relative to nitrogen when compared to the Redfield ratio (26 mol:mol; Engel and Passow, 2001) . However the very high POC:PON ratios observed in internal layers (up to 76 mol:mol at station 3, Fig. 5E ) could reflect the extremely low PON concentrations ( Fig. 5D ) due to nitrogen limitation in these sections (Fig. 4A) .
Unlike SIPEX-1 (van der Merwe et al., 2009), DOC did correlate significantly with POC (R¼0.67) and PON (R¼0.51) during SIPEX-2. The significant correlation between DOC and POC could indicate an algal origin for sea ice DOC, as previously observed during spring blooms in the Arctic (Bunch and Harland, 1990; Smith et al., 1997; Riedel et al., 2008) . However, the measured DOC:POC ratio in sea ice averaged 7:1 (range of 1:1 to 32:1) which is lower than the mean global ocean value of 15:1 (Millero, 1996; Kepkay, 2000) . One explanation may be an abiotic transformation of DOC into POC when a DOC threshold is reached ). This transfer of DOC into POC would also explain the significance of the relationship observed in our study between DOC and POC (Table 3) .
The DFe measured during SIPEX-2 (DFe¼0.9-17.4 nM) was within the ranges reported during ARISE (DFe¼2.1-26.1 nM; Lannuzel et al., 2007) and SIPEX-1 (DFe¼ 0.2-14.4 nM; van der Merwe et al., 2011a) which were studies located in the same sector and at the same time of the year. Therefore, although the sea ice conditions were very different in 2003, 2007 and 2012, the DFe interannual variability in late austral winter-spring seems low. Sea-ice thickness, texture and growth (i.e. thermodynamic versus dynamic) do not seem to control the concentrations of DFe in sea ice. One hypothesis is that the sources of new and regenerated DFe are very similar from one year to the other. Fast ice however, does not incorporate much more DFe than pack ice , even when new sources of Fe are only a few tens of meters away from the collected ice (van der Merwe et al., 2011b) . Another hypothesis is that DFe reaches a maximum concentration threshold in sea ice, which it cannot exceed. This would explain the lack of spatial variability in DFe concentrations between pack ice stations during SIPEX-2 (Fig. 6) , and between pack-ice and fastice sites collected around Antarctica . Similar to DOC and POC, DFe and PFe were also significantly correlated in sea ice during SIPEX-2 (R¼ 0.57, n ¼36, po 0.01). We suggest that once a threshold is reached for the apparent DFe concentration in the brine channels, DFe is transformed into PFe. This theory is further supported by the low fraction of DFe relative to PFe concentrations typically encountered in sea ice (FS-Fe¼0.13 in pack ice and FS-Fe ¼ 0.03 in fast ice) compared to open waters (FS-Fe¼0.52 70.19, n¼ 31, calculated from 0 to 150 m, SAZ-SENSE data published in Lannuzel et al. (2011) ). This process is similar to what would happen in seawater, however the PFe cannot sink out in sea ice and therefore lead to the high PFe relative to DFe. To get an estimate of the DFe threshold value within the brine channels, we calculate the potential brine DFe concentrations as follows:
where DFe bulk is the concentration of DFe in the melted ice section, bulk salinity is the salinity of the melted ice section and brine salinity is calculated as a function of bulk ice salinity and in situ temperature in that sea ice section. Our DFe brine concentrations however, do not reach a clear threshold number (DFe brine range¼ 6.8-173.7 nM and average¼55.17 39.0 nM). Biological uptake and remineralization, as well as organic ligand concentrations may control the equilibrium between the dissolved and particulate phase, and therefore shift the solubility threshold value. Recent work in Antarctic fast ice has shown a linear relationship between DFe and organic ligands ( n¼12) . These results suggest that organic ligands control the concentrations of DFe in sea ice. Once the ligands become saturated with Fe, non-organically bound DFe become scavenged onto particles (Lannuzel et al., under review) .
In the case of PFe, the ranges measured during ARISE in 2003 (PFe¼2.0 -96.6 nM; Lannuzel et al., unpublished data) and SIPEX-1 in 2007 (PFe¼ 0.9-217.7 nM; van der Merwe et al., 2011a) were much lower than SIPEX-2 in 2012 (PFe¼0.04-990 nM). The highest PFe concentrations were observed at station 7 (Fig. 6) , which is the closest station to drifting icebergs and the continental shelf. Note that the range from SIPEX-1 in 2007 includes one fast-ice station, for which the PFe concentration was anomalously high at 217.7 nM. Fast ice typically incorporates more lithogenic PFe than pack ice because of its proximity to continental sources (Grotti et al., 2005; van der Merwe et al., 2011a,b; Lannuzel et al., 2014) .
Lithogenic and biogenic particulate Fe
Icebergs
Several icebergs were sighted in the area (Fig. 1) . Icebergs C28B, B16, B09F and B09G remained on the continental shelf during the SIPEX-2 expedition and we suggest that their influence on our ice stations was therefore minimal. However, Fig. 1 shows that iceberg B09D closely followed the shelf break during our study, suggesting it may have dragged along the shelf and stirred some sedimentary PFe in its path. Station 7 being within 30 km and directly in the lee of the B09D, the iceberg could have contributed to the incorporation of dissolved and particulate Fe into the sea-ice cover, either by direct melting or by stirring up some sediments (Raiswell et al., 2008) . No under ice seawater PFe samples were collected during SIPEX2 to support this hypothesis. The under-ice seawater profiles did not indicate that B09D influenced the DFe concentrations at station 7 (Schallenberg et al., 2016) . Note that the sea-ice data are difficult to directly compare to the under-ice seawater Fe data presented in Schallenberg et al. (2016) . This is because sea-ice and seawater datasets are somewhat decoupled; i.e. sea ice collected at station 7 does not necessarily originate from the same location as seawater collected at station 7.
Lithogenic and biogenic contributions to PFe
One method to evaluate the lithogenic contribution to sea ice is to compare the Fe/Al ratios in collected samples to the Fe/Al ratios reported in lithogenic samples from the literature or from specific locations relevant to the study. Fig. 7 shows that the molar ratios Fe/Al (1.15 70.93, n ¼30) in all pack-ice samples are above the crustal and sedimentary ratios of respectively 0.33 (Taylor, 1964) and 0.26-0.34 (Angino, 1969; Gasparon et al., 2007) . This suggests that the PFe found in these pack-ice samples cannot be solely from atmospheric deposition and resuspended sediments. High fast ice Fe/Al ratios were observed by de Jong et al. (2013) when Chla concentrations exceeded a threshold ( 40.5 mg/L), suggesting a biogenic modification of the elemental ratios in the bottom ice. We further investigate relative lithogenic and biogenic contributions.
Assuming that Al is solely of lithogenic origin and using the mean crustal Fe/Al molar ratios typical of lithogenic samples (Fe/ Al ¼0.33; Taylor, 1964) , it is possible to calculate the lithogenic and biogenic PFe concentrations in sea ice (Frew et al., 2006) .
The results show that 29% of PFe was lithogenic in origin (with [PFe] lithogenic ¼357 40 nM, n ¼30). Assuming that biogenic PFe is the difference between the total PFe and lithogenic PFe, then the concentration of biogenic PFe in pack ice was on average 937 200 nM (n ¼ 30), which represents 71% of total PFe. The biogenic contribution represents 87% at station 7, which was the highest recorded on the voyage. This is consistent with POC and Chla data which were also the highest at station 7 (Table 4 ). Rates of primary productivity in sea ice at station 7 were the second highest during the voyage with an average of 3.32 mg/C/m 2 /d (range 0.04-5.5 mg/C/m 2 /d), most of which was associated with the internal algal community (Roukaerts et al., 2016) .
The concentrations of PFe in pack ice in the same sector were much lower in 2003 (2.0-96.6 nM; Lannuzel et al., unpublished data) and 2007 (0.9-77.7 nM; van der Merwe et al., 2011a) than in 2012 (0.04-990 nM; this study). When using the PFe and PAl concentrations measured in 2007, we find that the biogenic PFe concentrations varied greatly between 2007 (0.0-33.9 nM) and 2012 (0.0-895.5 nM). The high biogenic PFe concentrations recorded during SIPEX-2 illustrates the bio-accumulation of Fe in sea ice, potentially because of differences in the water column characteristics where/when sea ice formed in 2012. The bioaccumulation of Fe could be due to: (1) high DFe inputs originating from the continental shelf or icebergs (Schallenberg et al., 2016) being then actively taken up by sea-ice algae at the ice/water interface and transferred into PFe (Lannuzel et al., 2007; van der Merwe et al., 2011a) , or (2) biogenic PFe directly incorporated in sea ice when it originally formed further East potentially on the continental shelf where productivity (and therefore biogenic PFe) may have been higher.
Role of seasonal sea ice as a natural ocean fertilizer
When using the depth integrated DFe, lithogenic PFe and biogenic PFe concentrations in East Antarctic pack ice from Table 4 , and assuming a 1 m thick ice cover and 30 days of melting, the estimated Fe flux from melting pack ice to East Antarctic surface waters in spring 2012 would be 0.2 mmol/m 2 /d for DFe, 2.7 mmol/m 2 /d for biogenic PFe and 1.3 mmol/m 2 /d for lithogenic PFe. Therefore, our study highlights that the biogenic and lithogenic PFe fluxes are an order of magnitude higher than the DFe flux. Particulate organic matter associated with Fe ( ¼biogenic PFe) can be oxidized or remineralized, and release Fe into the dissolved phase, together with carbon, nitrogen and silicate. Remineralization processes have been recognized to play a major role in supplying available Fe to the phytoplankton community (Hurst and Bruland, 2007; Hutchins and Bruland, 1994) . The flux of biogenic PFe released from sea ice being 10 times higher than the DFe flux. The importance of sea ice in supplying bio-available PFe to the Antarctic surface waters therefore cannot be ignored. If only 10% of biogenic PFe is regenerated, bio-available PFe can match the DFe flux, therefore doubling the flux of bio-available Fe supplied by melting sea ice to Antarctic surface waters. Iron associated with lithogenic material can also become bio-available, but to a much lesser extent than the biogenic fraction. The size and density of the particles, concentration of organic ligands, ocean mixing, rate of grazing by higher trophic levels and remineralization processes will control the concentration of bio-available PFe supplied by sea ice to surface waters.
Several DFe fluxes have been put forward in the Southern Ocean, and highlight that atmospheric dust input (continentalþextraterrestrial) onto pack ice is generally low (i.e. 0.0016 μmol/m 2 /d; from Lannuzel et al., 2007) . Apart from regional exceptions, it is ack- nowledged that the main source of Fe to Antarctic sea ice comes from below, either by entrainment from the mixed layer ( ¼new þregenerated Fe) or from organic matter and associated Fe ( ¼ regenerated Fe) left floating in seawater from the preceding summer season . Modeling studies have reported that diapycnal diffusion supplies to the Southern Ocean 0.0016-0.0157 μmol/m 2 /d of DFe while deep winter mixing supplies 0.026-0.091 μmol/m 2 /d (Tagliabue et al., 2014) . With 0.2 μmol DFe /m 2 /d released to Antarctic surface waters during the melt season, sea ice supplies more DFe than all the other mentioned sources put together. As sea ice covers 40% of the Southern Ocean, its role as a natural ocean fertilizer therefore cannot be ignored.
Sea-ice biogeochemistry during SIPEX-2: Iron versus light limitation
Due to favorable environmental conditions at the bottom of ice floes, ice algal communities typically develop at the ice/water interface, resulting in maximum Chla, POC and PON, and a characteristic "L-shaped" vertical profile. However, surface flooding can result in accumulation of biogenic particulate matter in surface slush layers, leading to C-shaped profiles (Meiners et al., 2012) . East Antarctic sea ice has been reported to harbor primarily bottom communities (Grose and McMinn, 2003; Meiners et al., 2011) . Interestingly, this was not the case in our study. The complex seaice properties and ice growth mentioned earlier in the discussion led to heterogeneous distributions of Chla, DOC, POC, PON and to a lesser extent macro-nutrient concentrations (Figs. 4 and 5) .
Silicic acid did follow a conservative model of incorporation in sea ice i.e. in proportion with salinity gradients, whilst the other nutrients were either enriched (NH 4 þ and PO 4 3-) or consumed (NO x and PO 4 3-) in sea ice. Stations 3 and 7 exhibited enhanced Chla, POC and PON concentrations at the top of the ice cover, suggesting an active surface community. Station 7 displayed a 0.35 m thick snow cover on top of 0.72 m of granular ice (Fig. 2 ), suggesting some snow ice formed in the top of the ice cover and therefore some surface flooding occurred. The infiltration of seawater may have seeded the surface of the ice with nutrients and micro-organisms, leading to an active surface community at station 7 with a C:N close to the Redfield ratio and high POC, PON and Chla (Fig. 5) . In contrast, it is unclear at this stage what lead to the high POC and Chla observed at station 3 in the top layer of the sea ice. The snow thickness was amongst the lowest measured during SIPEX-2 (0.25 m), the ice textures highlight thermodynamic growth (undeformed and level ice) and no snow ice formation. Furthermore, the ice temperatures and brine volumes indicate that the ice cover was typical of winter conditions. We suggest that the relatively thin snow cover led to increased light availability at station 3 compared to other sampling sites, which led to the development of a surface community which used the available nutrients initially incorporated during the early stage of sea-ice formation. This is exemplified by the complete drawdown in NO x at the ice/snow interface ( Fig. 4A and F) , compared to the other ice stations where seawater infiltration replenished the surface community with macronutrients. However, the SiOH 4 À concentration remained the highest at station 3 ( Fig. 4B ), suggesting the community developing was not dominated by diatoms, but most likely Phaeocystis such as P. Antarctica or P. globulosa. Interestingly, relatively high NH 4
þ concentrations observed at station 3 suggest strong recycling processes in surface sea ice (Fig. 4D) , which supplied regenerated nitrogen needed for the autotrophic community to maintain growth rates. However, resupply of new NO x through seawater infiltration, either by percolation or flooding, would be required for biomass to increase while maintaining Redfield stoichiometry.
Rates of primary production were measured using stable isotope uptake incubations on the trace metal site at stations 2, 3, 4, 6 and 7 (Roukaerts et al., 2016) . The highest rates were measured at station 2 (5.5 mg/C/m 2 /d) followed by station 7 (3.3 mg/C/m 2 /d). Station 4 had the lowest rates of primary productivity (0.04 mg/C/m 2 /d), in agreement with the low Chla, POC and PON concentrations measured in sea ice at that station. A clear increase in primary production was observed during the onemonth expedition, during which the daylight increased by about 3 h. Although we do observe an increase in C uptake rates as the season progresses, the levels are low and characteristic of prebloom conditions (Roukaerts et al., 2016) .
Overall the availability of macro-nutrients and DFe was high throughout the study (i.e. non limiting concentrations except for NO x o0.2 μM at stations 3 and 7 in certain sections) and the warm ice temperatures and high permeability of the ice cover were favorable for algal growth. However, a common feature was the thick snow cover on top of the ice at most stations. This feature, on one hand, led to seawater infiltration which may have favored the growth of surface communities, but on another hand, may have restricted incoming light reaching the bottom communities. An increase of snow thickness by 0.2 m can restrict light transmission through sea ice by up to 80% (Arrigo, 2003) . In our study, snow thickness averaged 0.4 m and represented almost 30% of the seaice thickness. We therefore suggest that, because of extensive snow cover witnessed during the expedition, the low light levels led to the low sea-ice primary productivity (see also Ugalde et al., 2016; Roukaerts et al., 2016) .
The Fe demand of sea-ice algae can be estimated from cellular Fe: C and primary productivity (PP) (Fe demand ¼new PP Â (Fe:C) cellular ) where new PP¼0.5-6 mg/C/m 2 /d (Roukaerts et al., 2016) . To the best of our knowledge, no data on intracellular Fe:C ratios currently exist for sea-ice algae assemblages. In seawater, this ratio typically ranges from 10 to 40 μmol Fe:mol C (de Baar et al., 2008; Hassler and Schoemann, 2009; Sarthou et al., 2005) and not only does it vary in space and time, but it also varies with the type of phytoplankton. Iron fertilized sites tend to sit in the higher range of (Fe:C) cellular ratios (Sarthou et al., 2005) . Using a conservative estimation of (Fe:C) cellular ¼ 10-40 μmol:mol for sea ice algae, we obtain an Fe demand ¼0.4-20 nmol/m 2 /d in sea ice. This Fe demand is well below the DFe supply in sea ice¼0.86 μmol/m 2 /d estimated during the voyage, confirming that Fe did not limit the primary productivity in sea ice at this time of year. The DFe supply in sea ice was approximated by substracting the lowest from the highest DFe inventory values reported in table 4 (¼16.9-2.2 μmol/m 2 ), and dividing by the time elapsed between these 2 stations (17 days).
If the growth of the sea-ice community was not directly controlled by the lack of Fe, the under ice phytoplankton community may however have been limited by Fe supply later in the season, when light limitation was alleviated. In the marginal ice zone, a 0.2 μmol/m 2 /d supply of DFe from melting pack ice and (Fe:C) cellular ¼ 10-40 μmol:mol would sustain a gross primary productivity of 0.06-0.24 g/m 2 /d in the East Antarctic sector. Our Fe-induced productivity estimate represents 10% to 40% of the 0.61 g/m 2 /d measured in seawater in the marginal ice zone in spring 1996 (Nicol et al., 2000) . The higher and lower ends of our estimate are controlled by the Fe:C range we used, which is based on phytoplankton cultures and therefore may not match the in situ ratios. Additionally, if 10% to 70% of biogenic PFe supplied from sea ice is soluble and therefore becomes available for phytoplankton uptake, then the Fe fertilization from sea ice can fully account for the primary productivity value reported by Nicol et al. (2000) . Our estimates clearly demonstrate that the uncertainties on the intracellular Fe:C ratios and on the solubility of PFe have to be addressed before we can fully appreciate the role of sea ice-bearing Fe in controlling primary productivity in the marginal ice zone.
Conclusion
Concentrations of DFe in pack ice collected during SIPEX-2 were 2 to 3 orders of magnitude more concentrated than in icefree East Antarctic waters (Schallenberg et al., 2016) . The SIPEX-2 DFe ranges were found to lie between those previously reported from the ARISE and SIPEX-1 studies, even though the sea-ice conditions were very different. Sea-ice thickness, texture and growth (i.e. thermodynamic versus dynamic) do not control the concentrations of DFe in sea ice. Instead, we hypothesize that DFe precipitates into PFe when it reaches a certain in situ solubility threshold. This threshold may be controlled by the concentration of Fe-binding organic ligands present in sea ice. Particulate Fe concentrations did vary between stations, with station 7 displaying unique characteristics. A strong biogenic PFe signature was observed at all stations, especially at station 7. Iron supply estimates highlight the dominance of PFe over DFe in fertilizing the marginal ice zone, but questions remain regarding how bioavailable PFe may become once released into seawater. The flooding and dynamic conditions under which sea ice grew during SIPEX-2, involving rafting and ridging processes, led to unusual biogeochemical profiles in sea ice. The availability of nutrients, favorable sea-ice conditions (warm and porous), low primary productivity and thick snow covers observed throughout the study suggest that light was the primary factor limiting growth in sea ice at this time of the year in the SIPEX-2 study area.
